We apply collinear expansion to inclusive hadron production in e + e − annihilation and derive a formalism suitable for systematic study of leading as well as higher twist contributions to fragmentation functions at the tree level. We make the calculations for hadrons with spin-0, spin-1/2 as well as spin-1 and obtain the results in terms of different components of fragmentation functions for the hadronic tensors, the differential cross section as well as hadron polarizations in different cases. The results show a number of interesting features such as the existence of transverse polarization for spin-1/2 hadrons at the twist-3 level, the quark polarization independence of the spin alignment of vector mesons.
I. INTRODUCTION
Fragmentation function is one of the most important physical quantities in describing the hadron production in high energy reactions. It quantifies the hadronization of quarks and/or gluons that occur in every high energy reaction process where hadron is produced and is therefore a necessary ingredient in any complete description of processes involving hadron production. The study of the fragmentation function provides not only such an important ingredient in describing high energy reactions but also important information on the properties of Quantum Chromodynamics (QCD) and is therefore a standing topic in the field of high energy physics. Many progresses have been made and summarized in a number of recent reviews [1] . Much attention has been attracted recently in particular in the spin dependence [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . This provides a new window to study fragmentation functions, to test hadronization models and to learn the properties of QCD.
Like parton distribution functions, parton fragmentation functions can be defined in terms of the quark and gluon field operators in a gauge invariant form. The relationship between such gauge invariant fragmentation functions and the differential cross section is essential to the study of such fragmentation functions and to the description of high energy reactions. Such a relationship can be established using collinear expansion technique applied to the corresponding reaction. To study the unpolarized reactions, collinear approximation is often valid to high accuracy and the leading twist contributions are usually enough for the description of hadron production without polarizations. This is in fact also the case in most of the current studies where only leading twist contributions are considered. However, it is unclear whether higher twist effects are also negligible in the polarized cases. In particular, in the cases where transverse momentum is considered and the azimuthal asymmetry is studied, such higher twist effects can be very important. It is therefore necessary and important to make a study including the leading and higher twist contributions in a systematic way.
The plan of this paper series is to make such a systematic study of higher twist effects in quark fragmentation processes. In this paper, we start with inclusive hadron production in e + e − annihilation at high energies. We apply the collinear expansion technique to this process and present the formalism for calculating leading and higher twist contributions in a consistent and systematic way. We carry out the calculations up to twist-3 for spin-1/2 as well as spin-1 hadrons using this formalism. We present the results obtained for the hadronic tensors, the differential cross sections and the polarizations of hadrons in different cases. We also show how to proceed the calculations for contributions at twist-4 level and present the results for spin-1/2 particle production as an example.
The rest of this paper is organized as follows. In Sec. II, we present the formalism for calculating leading and higher twist contributions using collinear expansion technique. In
Sec. III, we carry out the calculations for the hadronic tensors for spin-0, spin-1/2 and spin-1 hadrons and present the corresponding results up to twist-3. In Sec. IV, we present the results for the differential cross sections and the polarizations of the hadrons. In Sec. V, we discuss the twist-4 contributions and present the results for spin-1/2 hadrons. We make a summary and give an outlook in Sec. VI.
II. THE FORMALISM
We consider the inclusive hadron production process, e + e − → h + X, as illustrated in For explicity, we consider e + e − annihilation into hadrons either via electromagnetic interaction with the exchange of a virtual photon or via weak interaction with the exchange of a Z 0 -boson. We do not consider the interference term and the results apply to reactions near the Z 0 -pole where only the weak interaction term is considered or the energy is much lower than Z 0 -mass where only electromagnetic interaction is needed. In this case, we get the differential cross section as given by,
Here L µ ′ ν ′ (l 1 , l 2 ) is the leptonic tensor and for reactions with unpolarized leptons,
where we use Γ 
, and D µ ′ µ = g µ ′ µ /Q 2 respectively. The weak coupling g Z = g/ cos θ W = e/ sin θ W cos θ W where e is the electron charge and θ W is the Weinberg angle. We note that, due to current conservation q µ L µν = 0, the second part of Z 0 propagator does not contribute in this case. The leptonic tensor for Z 0 -exchange is given by,
where c 
The first few Feynman diagrams as examples of the diagram series with exchange of j gluon(s). In (a), (b) and (c), we see the case for j = 0, 1 and 2 respectively. The gluon momentum in (b) is k 1 − k 2 , while in (c), they are k − k 1 and k 2 − k respectively.
To the leading order, the hadronic tensor is shown in Fig. 2(a) , and is given by,
It is given by a trace of the calculable hard part,
and the matrix element defined by,
Here, as well as in the following of this paper, unless explicitly stated, a summation over the quark flavor and color is implicit and the flavor index is omitted. In fact, the hard part as that given in Eq. (6) is independent of quark color so that the summation over color leads simply to a color factor N c = 3. This should be included in the final result of the cross section. Also, we use quark as an example for explicity. All the expressions can be extended to include anti-quark contributions. We use the same forms for the expressions so that we can simply include the anti-quark contributions by extending the sum over flavors to anti-quarks as well. There is no essential difference between the calculations for quarks and those for anti-quarks. The results are similar and we will specify if there is any difference in the corresponding places in the following of this paper.
It is well known that, because the two quark fields in the matrix elementΠ (0) do not share the same space-time coordinate,Π (0) is not local (color) gauge invariant. To get the gauge invariant form, we need to consider the final-state interaction in QCD, and apply the collinear expansion technique [21, 22] . The collinear expansion was first applied to deeply inelastic lepton-nucleon scattering (DIS) and provides an unique way to obtain a consistent formalism that relates the gauge invariant parton distribution and/or correlation functions to the measurable quantities such as the differential cross section including leading as well as higher twist contributions. It has been recently extended to semi-inclusive DIS with nucleon and nucleus targets for jet production [23] [24] [25] [26] [27] and corresponding expressions for the azimuthal asymmetries and nuclear dependences have been obtained. It is therefore also necessary to apply collinear expansion to e + e − annihilation to obtain the corresponding formalism in order to establish the relationship between the differential cross section and the fragmentation functions. We now summarize the main steps and results in the following.
A. Gauge invariance and collinear expansion
To get the gauge invariant form for the fragmentation function in e + e − annihilation, we need to consider the multiple gluon scattering similar to those considered in deep inelastic scattering [21] . In this case, we need to consider the diagrams with exchange of j = 1, 2, . . . gluon(s) between the blob and the lower Fermion line in Fig.2(a) . As examples, we show those with exchange of one and two gluons in Figs. 2(b) and (c).
Taking such multiple gluon scattering into account, the hadronic tensor is given by,
where we use the superscript to denote the contribution from the Feynman diagram with exchange of j = 0, 1, 2, . . . gluon(s) and c denotes the position of the cut line which takes L or R for j = 1, c = L, M or R for j = 2 and corresponds to Fig. 2 (b1), (b2), (c1), (c2) and (c3) respectively. For the case with one gluon exchange, we have,
where c = L or R and the hard parts are given by,
and the soft matrices are defined as,
For j = 2, the corresponding results are shown by Figs. 2(c1), (c2) and (c3), and are given by,
where c = L, M or R, and the hard parts are given by,
and the soft matrices are difined as,
We note that none of such soft matrices is local (color) gauge invariant. To get the gauge invariant form, we need to apply the collinear expansion as proposed in [21] , which is carried out in the following four steps as summarized in [23] .
(1) Make a Taylor expansion of all the hard parts around k i = p/z i , e.g.,
where, different from that for deeply inelastic scattering [23] , for the fragmentation process,
The momentum of the hadron is taken as p = p +n i.e. we use the light cone coordinate and take the direction of motion of the hadron as z-direction. The unit vectors in this coordinate system are denoted byn, n and n ⊥ . In e + e − -annihilation, we choose the lepton plane as xoz-plane and the transverse component of the momentum of the incident electron is taken as the x-direction, and that of incident positron is in the minus x-direction. The projection operator ω
We also use the short notations such asĤ (2) Decompose the gluon fields into longitudinal and transverse components, i.e.,
(3) Apply the Ward identities such as,
(4) Add all the terms with the same hard part together and we obtain the hadronic tensor in the gauge invariant form as given by,
where the tilded W 's are given by,
Here, the new correlatorΞ (j) 's are given by,
where D ρ (η) = −i∂ ρ + gA ρ (η) is the covariant derivative, and the gauge link L is given by the following path integral,
which guarantees the correlation matrices gauge invariant.
The hard parts in theW (j) 's such as those given by Eqs. (31)- (36) depend only on the longitudinal momentum fractions of the quarks and they are given by,
We will refer to them as the collinear-expanded hard parts in the following of this paper. We also note thatĤ
(q, p, S). We give the expressions for both of them for symmetry.
We emphasize that all the results given by Eqs. (31)- (36) ρ A ρ ′ (y) term to form the covariant derivative and so on. We see also clearly why the projection operator ω
We also emphasize that using collinear expansion we obtain the hadronic tensor as a sum of theW 's. Each of theseW (j) 's receives contributions from all the infinite number of diagrams in the diagram series as illustrated by Fig. 2 . The contributions from this diagram series are re-organized by using collinear expansion so that the correlators have the gauge invariant forms given by Eqs.(37-42). We should note that the contributions of theseW (j) 's to the hadronic tensor contain the leading and higher twists as well and can be calclulated order by order. The leading contribution in eachW (j) is twist-(2 + j). We should also note that, when going to twist-4 or higher, there are also contributions from other diagrams that are not included in this diagram series. To make a complete study in that case, we need also to take those contributions into account. In this paper, we concentrate only on the results from this series of diagrams but specify clearly if more diagrams should be taken into account for a complete calculation for the specified case.
B. Simplifying the Results
Another very nice feature of the results is that, because the collinear-expanded hard parts given by Eqs. (44)- (49) contain only the longitudinal components of the quark momenta and also due to the presence of the projection operator ω ρ ′ ρ in the cases for j > 0, these results can be simplified in a great deal. The collinear-expanded hard parts, multiplied by the projection operator(s) ω ρ ′ ρ for j > 0, can e.g. be simplified into,
where
We see in particular the following two features: (1) the z-dependence of the collinear-expanded hard parts, multiplied by the projection op-
for j > 0, is usually very simple and in particular for j = 0 and 1, it is contained only in the δ-function; (2) these hard parts for j > 0 usually depend on less number of parton momenta compared to the corresponding hard parts before the collinear expansion. For example,Ĥ
depends only on one parton momentum (ei-
σ each has two terms one of which depends only on either z 1 or z 2 , the other depends on both z 1 and z 2 but none of them depends on z. This implies that we can carry out the integration over some of the parton momenta in the corresponding correlators and simplify the expressions for the hadronic tensors. The results are given by,
where one correlatorΞ (1) ρ and three correlatorsΞ
are involved forW (1) andW (2) repectively and they are defined as,
The corresponding field operator expressions are,
We note once more that, because the hard partĤ
ρ depends only on one of the two parton momenta, we can carry out the integration over the other and obtain the correlator Ξ (1) ρ that depends only on the corresponding one parton momemtum. In terms of the field operators, this implies that the gluon field or the covariant derivative is at the same space-time point as the quark (or anti-quark) field. Similar for the cases with even higher j. Again, such results are derived in this systematic formulation using collinear expansion.
To proceed further, we expand the involved matricesΞ's in terms of γ-matrices. Since
all have odd number of γ-matrices, only γ α and γ 5 γ α terms in the expansions of theΞ's contribute. For example, for j = 0 and 1, we denote,
and obtain the hadronic tensors as,
The involved matrix elements are given by,
They are Lorentz vectors and tensors of second rank with different behaviors under space reflection respectively. We note in particular that, as can be seen from Eqs. (75-78), the
α is 1 while that for Ξ
ρα orΞ
ρα is 2. This is important when we analyse the Lorentz structure of them in terms of the 4-vectors p, n and so on. Also because of parity invariance, we have
where the tilded vector denotesp µ = (p 0 , − p). We emphasize that S in the argument in general specifies the spin state of the hadron h. In the case of spin-1/2 hadron, S is just the polarization vector as usually used and we have Eqs. (79) and (80) for parity invariance. 
ρα andΞ (1) ρα in terms of the involved four vectors p, n and S. We express these matrix elements in terms of different Lorentz covariants constructed from p, We note that calculations of differential cross sections including twist-3 contributions have been carried out in liturature such as [6] for even more complicated process e + + e − → h 1 +h 2 +X via electromagnetic interaction for spin-1/2 hadrons. As most of the higher twist calculations carried out earlier, the approachs given there are different from that presented in the current paper in the following way. In contrast to what we do here, the calculations given there do not start with a formalism after the collinear expansion. In stead, they usually start from the hadronic tensors such as the W (12) and (13) where gluon fields are used in the corresponding places.
III. THE HADRONIC TENSOR UP TO TWIST-3
In order to obtain the hadronic tensor and the cross section, we need to expand the Ξ
ρα , . . . , according to the Lorentz structure. This expansion depends strongly on the spin of the produced hadron h. In this section, we present the results for the hadronic tensors up to twist-3 for spin-0, spin-1/2 and spin-1 hadrons respectively. The results for the differential cross sections for hadrons with different spins are presented in next section.
A. Spin-0 hadrons
The situation is simplest for spin zero hadrons such as mesons in the J P = 0 − octet. This is also the same if we do not consider the polarization for hadrons with non-zero spins.
For spin-0 hadrons, to the leading twist, we need only to consider,
By inserting Eq. (81) into Eq. (72), we obtain,
We carry out the trace Tr(ĥ 
where D 1 (z) is given by,
is the leading twist fragmentation function in the unpolarized case. It can easily be seen that q µ d µν = 0 and q µ ε ⊥µν = 0, so that q µ W
µν (q, p) = 0. For e + e − → γ * →→ h + X, i.e., e + e − annihilation via electromagnetic interaction, the corresponding results can be obtained by putting c 
We see that, for the weak interaction, the hadronic tensor given by Eq. (83) contains a symmetric and an anti-symmetric part while for electromagnetic interaction only the symmetric part left.
In can easily be shown that the twist-3 contribution in this case is equal to zero. This can be shown by analysing the Lorentz structure of Ξ
ρα andΞ (1) ρα . Hence the results given in Eq. (83) is also the complete hadronic tensor for spin-0 hadron production up to twist-3.
B. Spin-1/2 hadrons
For spin-1/2 hadrons, the polarization is described by the polarization vector S µ . At high energies, this polarization vector S µ is usually decomposed into the transverse polarization vector S µ ⊥ and the helicity λ h components,
We see that, compared to then-component, the n ⊥ -and the n-components are suppressed by a factor M/p + and (M/p + ) 2 respectively after the Lorentz boost hence contribute only at higher twists. Up to twist-3, we need to considerW
µν (q, p). After an analysis of the Lorentz structure of the corresponding correlators Ξ (0)α (z, p, S; n),Ξ (0)α (z, p, S; n), Ξ (1)ρα (z, p, S; n) andΞ (1)ρα (z, p, S; n) as functions of p, n and S, we obtain that, up to twist-3, we need to consider the following terms,
where all
⊥S , andξ
⊥S are scalar functions of z. Carrying out the traces, such as, Tr[h
we obtain that, for spin 1/2 hadrons, up to twist-3, the hadronic tensors are given by,
We see that, besides D 1 (z) defined in previous sub-section, there is another leading twist fragmentation function ∆D 1L (z) that contributes to the hadronic tensor and ∆D 1L (z) is defined by,
The two twist-3 fragmentation functions, D T (z) and ∆D T (z), are given by,
The other two twist-3 fragmentation functions, ξ
⊥S (z) andξ
⊥S (z) are not independent. They are related to D T (z) and ∆D T (z). In fact, using the QCD equation of motion γ · D(x)ψ(x) = 0, we obtain,
This leads to,
By inserting Eqs. (98) and (99) µν and that fromW (1) µν together, we obtain the complete result for the hadronic tensor up to twist-3 as given by,
It is easy to verify that q µ W µν = 0.
We note that the first term in this case is the same as that obtained in the case for spin zero hadrons. The other terms are spin dependent hence do not exist for the spin zero case.
The second term depends on the longitudinal component of the polarization while the other terms depend on the transverse components of the polarization. We will come back to this point in the next section.
If we consider e + e − → γ * →→ h + X, we have,
We see that the terms remained include a symmetric spin independent leading twist term, an anti-symmetric longitudinal spin dependent leading twist term and also a twist-3 transverse spin dependent term. They can give us measurable effects that we will discuss in next section.
C. Vector mesons
For spin one particle, we need to use the 3 × 3 spin density matrix ρ to describe the polarization state. We all know that ρ is a Hermite and normalized (i.e. Trρ = 1) matrix hence has 8 degrees of freedom. This means that we need 8 independent variables to describe the polarization state of the vector meson. We choose to decompose ρ into a polarization vector S µ and a polarization tensor T µν . In the rest frame of the vector meson, ρ takes the following form [30] ,
where Σ i is the spin matrix for spin one state, Σ ij is defined as,
T ij is a traceless symmetric tensor and is parameterized in terms of S LL , S i LT and S ij T T ,
so that the spin density matrix ρ is given by,
The polarization vector S µ is similar to what we have for spin-1/2 particle and in a moving detailed description can e.g. be found in the appendix of [30] .
Using such a decomposition of ρ, we should obtain the quark correlators as functions of n, p, S µ , S LL , S µ LT and S µν T T . For the inclusive process, the contributing terms up to twist-3 are given by,
By inserting the above expansion into Eqs. (72)- (74), carrying out the traces and by making use of the relationships such as,
derived from the equation of motion to replace ξ
LT S orξ
LT S by D LT or ∆D LT 's, we obtain the hadronic tensor for vector meson as, From the results given by Eqs. (112) and (113), we see similar structure as that in the case for spin-1/2 hadrons, i.e., a spin independent leading twist term that is the same as in the case for spin zero hadrons, a longitudinal polarization dependent leading twist term, and a number of transverse spin dependent twist-3 terms. We have, for vector mesons, in particular also a leading twist S LL term which is related to the spin alignment and we will discuss in detail in next section.
IV. THE CROSS SECTION AND POLARIZATION OF HADRONS PRODUCED
By inserting the hadronic tensors obtained in last section into Eq. (1), we obtain the differential cross sections in the corresponding cases. From the cross sections, we obtain not only the production rates of the hadrons but also the polarization of the hadrons produced in different cases. In this section, we present the results for hadrons with different spins respectively. In this paper, we consider only the reactions with unpolarized electrons and unpolarized positions.
A. Spin-0 hadrons
By inserting Eq. (83) into Eq. (1), we obtained the differential cross section for inclusive hadron production in e + e − annihilation as,
where α = e 2 /4π is the fine structure costant,
kinematic factor depending on Z 0 mass and Weinberg angle, the coefficient T 0 is a function of y and is given by,
and A(y) = (1 − y) 2 + y 2 , B(y) = 1 − 2y. Here, y is the longitudinal momentum fraction of electron defined as, y ≡ l 1 · n/k · n = zl
In the e + e − center of mass frame, y = (1 + cos θ)/2 where θ is the angle between the incident electron and the produced quark. In terms of θ, A(y) = (1 + cos 2 θ)/2 and B(y) = − cos θ. The coefficient function T 0 (y) is flavor dependent and is essentially the relative weight for the contribution from the given flavor.
We note that the differential cross section is in general a function of z = z B and y. We can change the variables and obtain the differential cross section with respect to z and y as,
We emphasize once more that z = p + /k + is the light cone momentum fraction of the quark carried by the hadron and y = l + 1 /k + is the light cone momentum fraction of the incident electron which is determined by the angle between the electron and the quark and is given by y = cos 2 (θ/2) in the c.m. frame of e + e − . The y or θ dependence is contained in the coefficient function T 0 (y). We can carry out the integration over y or θ and obtain,
where t 0 = dyT 0 (y) = 2c 
In terms of z and y, we have,
Carrying out the integration over y or θ, we have,
If we write out the summations over flavor and color explicitly, we have, e.g.,
where the sum over q runs for all quark and anti-quark flavors involved, and for anti-quark, it can easily be seen that Tq 0 (y) = T q 0 (1 − y), and the fragmentation function is defined as,
For e + e − → γ * →→ h + X, the cross section takes the form,
which is just the result used usually when describing hadron production in e + e − annihilation at high energies in the unpolarized case.
B. Spin-1/2 hadrons
For hadrons with nonzero spins, we can calculate not only the differential cross section but also the polarizations. Here, we present the results for cross section and polarization for spin-1/2 hadrons.
The cross section
We insert the hadronic tensor given by Eq. (100) into Eq. (1), and we obtain the differential cross section for spin-1/2 hadrons as,
We see that, besides the first term that is equivalent to what we have for spin zero hadrons, there are three other spin dependent terms where the coefficient functions T i (y)'s for quarks are given by,
and these for the anti-quarks are related to those for the corresponding quarks in the following way,
We see also that T 2 (y) and T 3 (y) are just the first derivative of T 0 (y) and T 1 (y) respectively, i.e., T 2 (y) = −(1/2)dT q 0 (y)/dy and T 3 (y) = −(1/2)dT 1 (y)/dy. Denote the angle between S ⊥ and l ⊥ by φ s , we obtain ε
So that the cross section can also be expressed as,
We see that ∆D 1L (z) is responsible for the longitudinal polarization of the hadron while ∆D T (z) and D T (z) are sources of the transverse polarizations in and transverse to the leptonic plane respectively. We will come back to this point in next sub-section.
whereT i (y) = y(1 − y)T i (y). Carrying out the integration over y (or θ), we have,
where t i ≡ dyT i (y) are flavor dependent constants determined by c 
Carrying out the integration over y, we see that all the twist-3 terms vanish and we obtain,
which is the same as that obtained for the spin-0 hadron.
Hadron polarization
From Eq. (132), we see that the spin-1/2 hadron produced in e + e − → Z →→ h + X is longitudinally polarized. The longitudinal polarization is given by,
We write out the flavor index and summation over the flavor explicitly so that Eq. (137) takes the following form,
We recall that T q 0 (y) represents the relative weight for the contribution from quark (antiquark) of flavor q and Eq. (138) can be re-written as,
is the polarization of the quark produced. Such quark polarization has been calculated explicitly in e.g. [31] and the numerical results can be found there.
It is also clear that ∆D q→h 1L (z) is nothing else but the spin transfer in the fragmentation process.
We see that the polarization is in general different for hadrons produced in different θ directions. The θ or y dependence comes from the y dependence of T i which describes the relative weights and polarizations of the quarks of different flavors. To study the fragmentation functions, we can integrate over y or θ and obtain,
, is the polarization of the quark of flavor q averaged over different directions.
It is also very interesting to see, from Eq. (132), that although the quark and/or antiquark is longitudinally polarized in e + e − → Z →→ h + X, the produced hadron h can possess also a transverse polarization at the twist-3 level. We take the helicity frame of h, i.e., take the direction of motion of h as z-direction, and we obtain,
for given y or θ. Here, we recall once more that the x and y directions are defined in or transverse to the leptonic plane. Integrating over y, we obtain,
If we consider e + e − → γ * →→ h + X, we see that the longitudinal polarization and the transverse polarization inside the leptonic plane vanish, i.e., P em Lh (z, y) = P em hx (z, y) = 0. However, we can still have a non-vanishing polarization transverse to the leptonic plan at the twist-3 level. The result is given by,
or in terms of the angle θ,
This polarization vanishes also after the integration over y or θ, i.e., P em Lh = P em hx = P em hy = 0. We note that such a transverse polarization has also been expected in [6] where calculations of differential cross section of two hadron production e + e − → h 1 + h 2 + X have been carried out starting directly from the hadronic tensor reading from the diagrams similar to those given by Fig. 2 . The results take the same form when appropriate gauge link is inserted the fragmentation functions given there.
Experimental studies on the longitudinal polarization of Λ-hyperon have been carried out by ALEPH and OPAL Collaborations at LEP [13, 14] . The data show a clear polarization and can be used to study the properties in general and to obtain a parameterization of ∆D 1L (z) in particular. Such parameterizations exist already in literature and can be found e.g. in [7] . We will not go to the details in that direction in this paper.
Little discussion can be found on the transverse polarization presented above for e + e − annihilation and there is no measurement available yet. We emphasize that such measurements are very useful in studying higher effects in general and provide us direct information on the twist-3 fragmentation function given in Eq. (94) in particular.
C. Vector meson
For hadrons with spin-one e.g. the vector mesons, the spin dependence is more complicated thus makes the study even more interesting. Here, we present the results for the differential cross section and the results for the spin alignment factor ρ 00 in the following.
The cross section
By insert the hadronic tensor Eq. (112) into Eq. (1), we get the cross section,
where φ LT is the angle between S LT and l ⊥ . We see that the cross section in general depends on the polarization of the vector meson. We also see that the coefficient functions T i (y) describe the relative weights and polarizations of the quarks and/or anti-quarks of different flavors. They are the same as those defined in Sec. IVB for production of spin-1/2
hadrons.
For the electromagnetic interaction process e + e − → γ * →→ h + X, the corresponding result is obtained by putting T 0 (y) = A(y), T 1 (y) =T 3 (y) = 0,T 2 (y) = y(1 − y)B(y), and we have,
Carrying out the integration over y, we obtain,
The spin alignment
Polarization of vector meson has been studied in [15] [16] [17] by OPAL and DELPHI at LEP where ρ 00 has been measured in the helicity frame of the vector meson. Phenomenological studies have also been carried out in e.g. [32] . From the results obtained above, we see clearly that ρ 00 can be expressed in terms of different components of the fragmentation functions.
We present the results in the following.
From the differential cross section, ρ 00 can be calculated in the following way,
where the superscript of σ denotes the helicity of the vector meson. 
Integrated over y, we have
Similarly, for λ h = 0, S LL = −1, S L = 0, and all the other components of S equal to zero.
Hence, we have,
For
, S L = −1, and other components are zero, so that,
Hence, we obtain ρ 00 as given by,
or integrated over y or θ,
where we have written out the summation over flavor explicitly.
From the Eqs. (160) and (161), without knowing any detail of the fragmentation functions, we are already able to see the following features for the spin alignment parameter ρ 00 in e + e − -annihilations. First, the spin alignment ρ 00 for vector mesons produced in e + e − -annihilations does not depend on the polarization of the quark and/or anti-quark produced at the e + e − -annihilation vertex. This can be understood since ρ 00 = 1 − (ρ ++ + ρ −− ) describes only the difference between the vector meson in the helicity ±1 and helicity zero state but has nothing to do with the quark polarization in the helicity direction. Second, besides the fragmentation function itself, the quark flavor dependence comes in only in the relative production weight. Since the fragmentation function is determined by strong interaction, the isospin symmetry is valid and even SU (3) 
which implies that even unpolarized quarks could lead to longitudinally tensor polarized (S LL ) vector mesons. The qualitative features discussed above apply also here.
V. THE TWIST-4 CONTRIBUTIONS
Unlike the twist-3 contributions, in inclusive hadron production in e + e − annihilation at high energies, the twist-4 contributions are mostly power suppressed corrections to the leading twist contributions whatever measurable quantities that we study. Hence, the observable effects led by these twist-4 contributions are usually not very obvious and are difficult to separate from the leading twist contributions. In this section, we give an example to illustrate how the calculations for such contributions can be carried out by using the formalism presented in Sec. II. We should note that the twist-4 contributions that we present in this section are results from the diagram series as illustrated in Fig. 2 . It is not intend to be a complete study of the twist-4 contributions for the reactions. There are also other sources such as four quark correlators that contribute at twist 4. A complete study should also take them into account. In this section, we only present the results from the diagram series considered in this paper to show how to calculate twist-4 contributions in the formulism described in Sec. II.
From the diagram series that we consider in this paper, the sources of the twist-4 contri-butions are from the quark-quark or quark-gluon-quark correlators such as, γ − ψψ, γ ⊥ ψD ⊥ψ , and γ + ψD ⊥ D ⊥ψ . These contributions are contained inW 
VI. SUMMARY AND OUTLOOK
In summary, we apply the collinear expansion to inclusive hadron production in e + e − -annihilations at high energies. We derive the formalism that can be used to study the leading as well as higher twist contributions in a systematic and consistent way. We calculate the contributions to the production of hadrons with different spins up to twist-3 level. We also present the results for spin-1/2 hadrons at the twist-4 level. The results clearly show a number of interesting features. In the unpolarized case or for spin-zero hadrons, the cross section has the expression as usually used. For hadron with spins, there are leading twist longitudinal polarization for spin-1/2 hadrons in e + e − → Z →→ h+X because the initial quark and anti-quark produced here are longitudinally polarized and such polarizations can be transferred to the hadrons produced. There is also spin alignment ρ 00 = 1/3 for spin-1
i.e. vector mesons, and the spin alignment is independent of the polarization of the initial quark or anti-quark thus exist also in e + e − → γ * →→ h + X. In inclusive hadron production in e + e − annihilation at high energies, twist-4 contributions are usually power suppressed addenda to leading twist contributions and do not lead to new observable effects.
The formalism should also be extended to semi-inclusive hadron production process where transverse momentum dependent fragmentation functions can also be studied. Such a study is underway.
